Frustration, defined as a competition between interactions such that not all of them can be satisfied, is important in systems ranging from neural networks to structural glasses. Geometrical frustration, which arises from the topology of a well-ordered structure rather than from disorder, has recently become a topic of considerable interest 1 . In particular, geometrical frustration among spins in magnetic materials can lead to exotic lowtemperature states 2 , including 'spin ice', in which the local moments mimic the frustration of hydrogen ion positions in frozen water [3] [4] [5] [6] . Here we report an artificial geometrically frustrated magnet based on an array of lithographically fabricated single-domain ferromagnetic islands. The islands are arranged such that the dipole interactions create a two-dimensional analogue to spin ice. Images of the magnetic moments of individual elements in this correlated system allow us to study the local accommodation of frustration. We see both ice-like short-range correlations and an absence of long-range correlations, behaviour which is strikingly similar to the low-temperature state of spin ice. These results demonstrate that artificial frustrated magnets can provide an uncharted arena in which the physics of frustration can be directly visualized.
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In one of the most common frustrated systems, ordinary water ice, hydrogen ions follow the so-called 'ice rules' . These rules require that the four hydrogens surrounding each oxygen atom be placed in a tetrahedral coordination such that two are close to the central oxygen atom, while the other two are closer to neighbouring oxygen atoms 7 . The spin ice materials have the pyrochlore structure in which magnetic rare-earth ions form a lattice of corner-sharing tetrahedra. In these materials, the ice rules are manifested by a minimization of the spin-spin interaction energy when two spins point inward and two spins point outward on each tetrahedron. At low temperatures, the spins freeze into an exotic disordered state that has many of the hallmarks of glassiness [3] [4] [5] . This ice-like state is different from the disorder-based spin glasses, in that it is associated with a very narrow range of spin relaxation times due to the well-ordered lattice 8, 9 , and it is also quite different from spin liquid states seen in other geometrically frustrated rare-earth magnets 10, 11 , in that the spins do give evidence of freezing into a static configuration at the lowest temperatures.
One of the most fascinating aspects of geometrically frustrated magnets is how the spins locally accommodate the frustration of the spin-spin interactions. As a practical matter, however, individual spins within a material are difficult to probe experimentally without altering the state of the system. One way around this problem is to create a frustrated system in which the individual elements can be directly probed. Toward this end, previous workers have fabricated arrays of superconducting rings or Josephson junctions, in which the interacting moments are trapped flux quanta created by the application of a magnetic field at low temperatures 12, 13 . A much closer analogy to the frustrated magnetic materials can be provided, however, by arrays of interacting single-domain ferromagnetic islands in which the moments are intrinsic (that is, they do not require the application of an external field). Advances in lithography allow great flexibility in the design of ferromagnetic island arrays, and such arrays have the added advantage of being accessible at room temperature. Studies of lines and rectangular arrays of such ferromagnetic islands show that pairwise dipolar interactions between them can be significant [14] [15] [16] [17] [18] [19] . These results suggest that frustration effects should be important if a lattice of such islands can be fabricated with a frustrated geometry.
We studied frustrated arrays consisting of two-dimensional square lattices of elongated permalloy islands (shown schematically in Fig. 1a ) with the long axes of the islands alternating in orientation along the two principal directions of the array lattice (fabrication details are given in the Methods section). We studied arrays with lattice parameters ranging from 320 nm to 880 nm, with a fixed island size (80 nm £ 220 nm laterally and 25 nm thick). This size is sufficiently small that the atomic spins were ferromagnetically aligned in a single domain (as demonstrated below), but large enough that the moment configuration was stable at 300 K. The moment of each island was approximately 3 £ 10 7 Bohr magnetons (estimated from the known magnetization of permalloy), and the magnetic field from an island was of the order of 10 Oe at the centre of nearest neighbour islands-leading to an interaction energy of the order of 10 219 J, equivalent to 10 4 K, between nearest neighbours (the exact value naturally depends on the lattice spacing). The magnetocrystalline anisotropy of permalloy is effectively zero, so that the shape anisotropy of each island (the self-energy of the island's magnetic moment, which is controlled by its shape) forced its magnetic moment to align along the long axis, thus making the islands effectively Ising-like. Finite element modelling of the islands using the OOMMF code 20 indicated that the magnetic fields originating from other islands did not substantially alter this Ising-like behaviour.
The intrinsic frustration on this lattice is similar to that in the 'square ice' model (see ref. 21 and references therein), and can best be seen by considering a vertex at which four islands meet. Nearestneighbour islands on such a vertex are perpendicular to each other, while the second nearest neighbour islands are collinear and directly across the vertex from each other (see Fig. 1b) . A pair of moments on a vertex can be aligned either to maximize or to minimize the dipole interaction energy of the pair. As shown in the figure, it is energetically favourable when the moments of the pair of islands are aligned so that one is pointing into the centre of the vertex and the other is pointing out, while it is energetically unfavourable when both moments are pointing inward or both are pointing outward. For the vertex as a whole, there are four distinct topologies for the configurations of the four moments with a total multiplicity of 16, as shown in Fig. 1c . We label the configurations I-IV in the order of increasing magnetostatic energy, but no configuration can minimize all of the dipole-dipole interactions (even type I only minimizes the energy for four of the six pairs in a vertex), and thus the system is frustrated.
The lowest energy vertex configurations (I and II) have two of the moments pointing in toward the centre of the vertex, and two pointing out. Although the interactions between all pairs of spins on the vertex are not equivalent, these energetics are analogous to the two-in/two-out ice rules for the atomic moments on a tetrahedron in spin ice. For arrays with a lattice constant of 320 nm, the energy difference between vertices of types I and III is more than twice as large as the energy difference between vertices of types I and II, and the energy difference between types I and IV is more than six times as large (based on OOMMF calculations of relaxed magnetostatic energies). The two-in/two-out motifs (types I and II) therefore dominate within a large manifold of closely spaced low-energy magnetic states. Topological considerations further favour the creation of magnetic states that are dominated by frustrated mixtures of types I and II. For example, a domain boundary between regions of types I and II is essentially seamless, requiring no vertices of types III or IV. The situation contrasts sharply with that of a traditional Ising ferromagnet or antiferromagnet, wherein magnetic domain walls contain highly unfavourable anti-aligned spin pairs.
Magnetic force microscopy (MFM) allowed us to image the orientations of all of the moments in a large area (10 mm £ 10 mm), far from the edges of the arrays. To enable the system to settle into a low energy configuration, we followed a protocol developed by previous authors 16, 18 and rotated the samples in a magnetic field which decreased stepwise from above to below the coercive field. MFM images of the system after such field treatment revealed no measurable residual magnetic moment for the array, and a ten-fold variation of the step dwell times did not significantly alter the distribution of vertex types described below.
In Fig. 2 we show an atomic force microsope (AFM) image and an MFM image of a portion of a typical array. The black and white spots in the MFM image, which indicate the north and south poles of the ferromagnetic islands, confirm the single-domain nature of the islands and demonstrate the dominance of the shape anisotropy in aligning the magnetization of each island along its long axis. From the MFM data, we can easily determine the moment configuration of the array (as indicated by the arrows in Fig. 1a ). These data demonstrate that the many vertex types anticipated in Fig. 1c can be directly observed in the actual system. In order to probe the nature of frustration in this system, we studied how the properties varied with the spacing between the islands, counting between 1,000 and 3,000 islands in measurements of 2-4 different arrays for each lattice spacing. This allowed us direct control over the frustrated interactions, something which is not easily attainable in geometrically frustrated magnetic materials.
An immediate question is whether our arrays obeyed the ice rules-that is, did a preponderance of the vertices fall into a twoin/two-out configuration (type I or II)? By simple counting arguments (see Fig. 1c ) we can predict the expected distribution of different vertex types if the moments were non-interacting and randomly oriented. One would expect only 37.5% of the vertices to have a two-in/two-out configuration if the orientations were random; an excess of such vertices would indicate that interactions are determining the moment configuration. We compute the excess percentage for each type of vertex, defined as the difference between the percentage observed and that expected for a random distribution. We plot this excess versus lattice spacing in Fig. 3a for each of the four vertex types, as well as for types I and II combined. The excess percentage of vertices with a two-in/two-out configuration (types I and II) was well over 30% for the smallest lattice spacing; in other words, over 70% of all vertices had a spin-ice-like configuration. This excess percentage decreased monotonically with increasing lattice spacing (decreasing interactions), approaching zero for our largest lattice spacing, as would be expected for non-interacting (randomly oriented) moments. In fact, the excess for all vertex types approached zero as the lattice spacing increased, lending credence both to our understanding of the system and to the effectiveness of the rotatingfield method in enabling facile local re-orientation of the moments.
To further understand the nature of frustration in this system, we also studied the pairwise correlations between the Ising-like moments of the islands. Defining a correlation function is somewhat complicated by the anisotropic nature of our lattice and that of the dipole interaction. We thus define a set of correlation functions between distinct types of neighbouring pairs. The closest pairing is labelled 'NN' for the nearest neighbour; 'L' denotes the next nearest neighbour pairing, which is in the longitudinal direction of the island; and 'T' denotes the next nearest neighbour in the transverse direction from the island (see Fig. 3b inset) . We define a correlation, C, such that C ¼ þ1 if two moments are aligned to minimize the dipole interaction energy, and C ¼ 21 if two moments are aligned to maximize the dipole energy. In this way, if the moments for a particular type of neighbouring pair were uncorrelated on the lattice, the average value of C would be zero.
We find that the island pairs which were further separated than the L and T neighbours had weak or zero correlations (jCj , 0.1) for all lattices. We do see correlations for the NN and T neighbours as shown in Fig. 3b , but somewhat surprisingly, the correlations for the L neighbours were relatively small. We can understand this as a direct consequence of the frustration in the system. Interaction between the NN neighbours is the strongest, and therefore it is predominant. A pair of islands of type L has a direct interaction (which is somewhat weaker than that of the NN pair), but also an indirect interaction, since the two islands in an L pairing share two NN neighbours. If all of the NN pair energies are minimized, then the L pair energy is maximized, and we believe that this frustration leads to the surprisingly weak correlation between the L neighbours. By the same logic, the relatively strong correlations between the T neighbour pairs also arise from indirect interactions via NN intermediaries. In the case of the T neighbour pairs, if the NN neighbour pair interaction energy is minimized, the indirect interaction energy will also be minimized, and thus the combined effect is to increase correlations as we observe. For all of the neighbour types, we find that the correlations approached zero for the largest lattice parameters, as expected since the interactions should strongly decrease as the islands are separated.
The existence of only short-range order and ice-like correlations on the lattice is precisely analogous to the behaviour of the spin ice materials, in which there is also no experimental evidence for longrange order, only ice-like short-range correlations. While there are theoretical long-range ordered low-energy states for spins on either our lattice or the pyrochlore spin ice lattice 22 , the complex energy landscape associated with the frustration leads to a disordered state when thermal or magnetic-field-induced excitations are removed. This is in sharp contrast with unfrustrated lines of ferromagnetic islands, in which longer-range correlations are observed 16, 17 . It is interesting that the relative populations of different types of vertices reaches the randomly oriented limit rapidly as the lattice constant increases, and that even within the regime of closely-spaced and therefore strongly interacting islands, the system can access a very wide range of nearly degenerate states. This wide range of accessible states has the potential for importance to applications, since, if information were encoded within a low energy configuration of the moments, the energetic driving force for local magnetization reversals could be suppressed by this near-degeneracy, even for highly dense arrays.
Our demonstration of an artificial frustrated magnet opens the door to a new mode of research wherein a frustrated system can be designed rather than discovered. Future studies could examine a wide range of accessible lattice geometries, rationally designed defect structures, and the effects of dynamic and static applied magnetic field 23 . In addition, the capability to locally probe the magnetic moments, the accessibility at room temperature, and the similarity to patterned magnetic recording media all combine to suggest the potential for novel technological applications that exploit the fundamental nature of frustration.
METHODS
We fabricated the arrays on Si substrates with a native oxide layer, using films of permalloy (Ni 0.81 Fe 0. 19 ) with grain size of about 5 nm. We employed a lift-off technique using a polymethylglutarimide (PMGI) and polymethyl methacrylate (PMMA) double layer resist 24, 25 . After electron beam exposure, we used methyl isobutyl ketone:isopropyl alcohol (in the ratio of 1:3) to remove exposed PMMA resist, followed by removal of that PMGI resist which is not covered by PMMA. Then we used a molecular beam epitaxy system to grow a 25-nm-thick permalloy film on the pattern at a deposition rate of 0.1 Å s 21 at ambient temperature. The permalloy was capped with 3 nm of Al to prevent oxidation of the magnetic material. After a lift-off process in acetone, the PMGI and PMMA resists were removed and the nanometre-scale islands stood on the Si substrate. The total array size ranges from 64 mm £ 64 mm to 176 mm £ 176 mm, with the size increasing for less dense arrays (there were 80,000 islands in each array).
We used a Veeco Multimode MFM to detect individual island magnetization under zero magnetic field. Repeated scans demonstrated that the tip did not change the orientation of the island moments. Before measurement, the sample was rotated at 1,000 r.p.m. in an in-plane magnetic field, with the magnetic field starting at 1,300 Oe (well above the coercive field of the islands) and gradually stepping down in magnitude to zero. These statistics were obtained from between 1,000 and 3,000 islands in combined measurements of 2-4 different arrays for each lattice spacing. a, The excess percentages of different vertex types, plotted as a function of the lattice spacing of the underlying square array lattice. Note that the excess percentages approach zero for the largest lattice spacing. b, The correlations between different pairs of the islands as a function of the lattice spacing of the underlying square lattice. The inset shows our definitions of the near neighbour pairs from the grey central island (see text for details). For both the correlations and the vertex statistics, the typical variation between images for nominally identically prepared samples was ,10% for the closely spaced lattices in which we had more than 1,000 islands in a single image, but up to 50% for the more widely spaced lattices in which we had only a few hundred islands per image.
